The effects of spark and injection characteristics as well as split injection on the performance and emissions of a spray-guided gasoline direct injection (SG-GDI) engine operating close to stoichiometric conditions are assessed. To accomplish this, a 6-holes injector is simulated and the results are validated against available experimental data for spray penetration length. In addition, an open-cycle multi-dimensional model is developed for a port fuel injection (PFI) engine and the model outcomes are verified against in-cylinder pressure profile and normalized heat release rate. The GDI engine model is yielded under the light of embedment of the above-mentioned models. The model is then employed for investigation of the effects of injector angle, injection pressure, start of first and second injections and two-stage fuel injection with different fuel mass ratios at first and second injections, i.e., split injection, on mixture formation, combustion and engine emissions. The results show the pivotal role of the injector angle on formation of the mixture and output power. On the other hand, it is indicated that while practicing the split injection strategy, the flammability of the relatively stratified lean mixture with fuel to air equivalence ratio of 1.15 around the spark plug, surpasses that of stratified mixture.
NOMENCLATURE

ABDC
air-fuel equivalence ratio λ * dimensionless wavelength of the most unstable waves of liquid-gas interfaces ρ density σ gasoline surface tension φ fuel-air equivalence ratio
INTRODUCTION
Today, internal combustion engines still have a major contribution in power production and human transportation. On the other hand, there is a growing concern regarding the dramatic increase in energy demand, 80% of which is still fulfilled through combustion of fossil fuels. In addition, the environmental impacts of pollutant species generated from combustion of fossil fuels are proved to be responsible for several dangers to human health and mortality. Therefore, the researchers engaged with internal combustion engines have faced the challenge of improvement of combustion efficiency and lowering the emissions to meet the rapid responses required by regulatory agenda.
The quality of the air-fuel mixture, which is highly dependent on characteristics of fuel injection, is pivotal to achieve high combustion efficiency. In this framework, enhancing the precision in controlling the injection process is of crucial importance. This has paved the way through development of numerous injection strategies, e.g., port fuel injection. Gasoline direct injection is regarded as a promising initiative strategy compared with PFI. This injection scheme deals with spraying the fuel directly into the combustion chamber and gives much more precision in controlling the amount of fuel along with injection timing and duration. Meanwhile, the lower temperature and pumping losses resulting from direct injection, makes GDI engines surpass PFI ones in volumetric and thermal efficiency along with compression ratio, and provides them better performance in cold start and transient response during load variations (Chen et al., 2017) . These advantages have made this technology be attractive for scientists and engineers, and many researches have also addressed embedment of GDI with other technologies, e.g. using fuel blends (Wang et al., 2015) and EGR (Lattimore et al., 2016) .
There are two combustion modes in GDI engines with respect to injection timing: the homogeneous charge, i.e., early single injection at high engine loads and speeds, and stratified charge which corresponds to late single or double injection at idle, low and medium engine loads and speeds (Costa et al., 2012; Drake et al., 2007; Alkidas et al., 2003) . For stratified charge, there are three approaches depending on the relative position of the injector and the way that fuel is guided to the spark plug; In wall guided strategy, the injector is side mounted and fuel is guided by the bowl shaped piston Yi et al., 2009; da Costa et al, 2015; , unlike air guided approach in which the fuel injected from the side-mounted injector is guided by the airflow (da Costa et al., 2015; Cathcart et al., 2000) . On the other hand, the spray guided direct injection spark ignition (SG-DISI) strategy, in which the injector is placed nearby the spark plug (Vanderwege et al., 2003; Wang et al., 2014) , is proved to have the potential to increase fuel economy especially under a stratified charge mode (Vanderwege et al., 2003; Szekely et al., 2005; Park et al., 2012) .
Despite the fact that experimental observations, especially those employing optical accessible engines ; Wang et al., 2017(a) ; Costa et al., 2016; Marseglia et al., 2017; Merola et al., 2016) are proved to be useful tools in overcoming challenges regarding combustion development of the engines utilizing GDI strategy, the critical role of numerical simulation in obtaining rapid responses with feasible costs have made researches to employ computational fluid dynamics (Boccardi et al., 2016; Zheng et al., 2015; Banerjee et al., 2016; zhao An et al., 2016) in the processes of design and optimization.
Most of the studies regarding the GDI engines are two-fold. One of the aspects brings the spray-wall interaction into account (Schulz et al., 2014; Montanaro et al., 2012; . It has been indicated that the impingement of liquid fuel on the combustion chamber wall and piston is a possible source for unburned hydrocarbon (UHC) and particulate matter emissions (Bonatesta et al., 2014; Wang et al., 2016) . This impingement is usually modelled under the light of employing the mundo-sommerfeld and kuhnke models (Montanaro et al., 2016; Moreira et al., 2011; Kuhnke, 2004) .
Analyzing and optimizing the formation of air-fuel mixture is another important issue that has been brought under study by many researchers (Costa et al., 2012; Boccardi et al, 2016; Bonatesta et al., 2014; Iyer et al., 2009; Dempsey et al., 2012) . It is shown that in GDI engines, the mixture formation in the combustion chamber depends strongly on the fuel injection parameters such as injector angle and start of injection (SOI hereafter), the shape of the piston and swirl and tumble ratios. Since imperfect mixing and wall wetting results in formation of UHC and soot, the intake ports and combustion chamber should be designed to achieve a moderate or high tumble ratio (Rivera et al., 2010) . In addition, the ignition timing and start of injection influence the combustion process (Hallgren et al., 2003; Kaiser et al., 1999) . Hence, optimizations of SOI, injection pressure, injection duration and injection direction are very important and effective on output power and emissions.
Taking the crucial role of the above mentioned injection characteristics into account, the present research aims to explore the effects of injection parameters on the combustion characteristics of a SG-DISI engine. In this framework, the analysis is accomplished in 5 aspects as follows:
1-The effect of Injector angle;
2-The effect of SOI for the first and second injections;
3-The effect of injection pressure;
4-The effect of ignition timing; 5-The effect of different split injection strategies;
To this end, in the first step, a high pressure spray with six asymmetric jets is simulated using AVL Fire v. 2014 software (AVL Fire user's guide). The case study is a constant volume chamber containing nitrogen gas, and three different injection pressures are investigated. A comprehensive one-dimensional model is then utilized to model a four-stroke PFI 1649 cc engine at full and part load operating conditions. The 3-dimensional CFD simulations are carried out in the next step using the calibrated results obtained from the thermodynamic model. AVL Fire v. 2014 is employed and the validation of the results is carried out against the experimental observations in IPCO for the same engine. The model is then used for investigating the effects of injection pressure, start of first and second injection as well as the effects of split injection on the mixture formation, combustion and engine emissions. In addition, appropriate angle for optimization of mixture formation is obtained. Finally, the fuel consumption, emissions and output power of EF7 engine are compared for port direct injection strategies.
As mentioned, to develop the GDI engine model the following steps should be accomplished:
1) Simulation of an injector and validation of the results against experimental observations.
2) Thermodynamic cycle simulation and model calibration of the baseline PFI engine.
3) Utilizing the results of the thermodynamic model as boundary conditions for 3D simulation of the baseline PFI engine and validation of the results against experimental data.
4) Embedment of the models obtained through steps 1 and 3 to investigate the performance of the GDI engine.
GDI INJECTOR MODEL
Experimental Setup and Data
To find the appropriate values to be employed in simulation of the injection, a 6-hole bosch HDEV 5.1 with 0.193 mm inner diameter is selected. The numerical simulation results are validated against the experimental findings reported by istituto motori-CNR for two different amounts of injected fuels at three different injection pressures (Costa et al., 2011) . The amount of fuel injected and the injection pressure for each case is brought in Table 1 . The fuel was injected in a constant volume chamber optically accessible that contains nitrogen gas at the pressure of 0.1 MPa and the temperature of 298 K. The schematic of the experimental setup and the spray footprint on a plane placed at 30 mm from the nozzle holes is depicted in Fig. 1 . 
Spray Simulation Methodology and Results
In the spray simulation, both eulerian and lagrangian approaches are widely used. Since in the area closer to the nozzle outlet spray is much denser, lagrangian approach is not appropriate for this area. On the other hand, spray simulation by eulerian approach is not recommended in areas further from the nozzle where the spray becomes dilute. So, the eulerian-lagrangian approach is an ideal way for spray simulation. This approach requires a fine mesh near the nozzle that has interface with the main domain, i.e., the combustion chamber (Wang et al., 2017 b) .
In the present research, a more common approach, discrete droplet model (DDM), is employed. This methodology uses eulerian and lagrangian formulations for gas phase and discrete droplets, respectively. The spray primary breakup is modeled considering probability density distribution functions around a mean diameter. The mean diameter mn D can be calculated from Eq. (1) (Sirignano, 1999) . Where, D is droplet diameter,
is the probability density function and m and n are constants. In the present research, the lognormal distribution function is used to estimate the initial size of the droplets, in which, the mean diameter and standard deviation should be known. Semi-empirical Eq. (2) is used to find the average diameter ( avg D ). Also, Eqs. (3) and (4) show the standard deviation ( s ) in terms of injection pressure ( inj P ) and log-normal distribution function, respectively (Costa et al., 2011) .
(1)
 and rel u are the gasoline surface tension, the dimensionless wavelength of the most unstable waves of liquid-gas interfaces, the gas density and relative velocity between fuel jet and surrounding gas, respectively. The parameter C is considered to be equal to 1. The huh-gosman submodel, a turbulence-induced atomization model is appropriate for GDI multi-hole injector (Costa et al., 2011) , is employed for simulating secondary breakup. In addition, the evaporation is simulated using dukowicz evaporation model, which is commonly used for GDI spray (Costa et al., 2011) .
Basis of this model is analogy between heat and mass transfer processes in the vicinity of the droplet. The collision of the droplets is simulated utilizing nordin model (Taskiran et al., 2014) advantage of mesh size independency over the conventional o'rourke and amsden model (Semenov et al., 2013) . In this method, by knowing the position and velocity of every particle, the minimum distance between two particles and the time required for impact will be obtained. The probability of collision is then determined and a random number between zero and one is chosen. If the random number is less than probability, it is assumed that the collision is accomplished.
xIn the present research, AVL Fire software is used for spray simulations utilizing   k turbulence model and simple algorithm for pressure-velocity coupling. The convergence limits for momentum, kinetic energy and dissipation rate are 1e-06. Figures 2, 3 and 4 show the tip penetration, relative pressure and spray images, respectively. In determining the tip penetration, three factors always play the key role: droplets size, injection pressure and fluid resistance, i.e., drag force. Increasing the drag force reduces the penetration length, whereas increasing the size of the droplets has the opposite influence. As seen in Fig. 3 , the drag forces at the injection pressure of 20 MPa are higher than the other two modes. Also, the droplets diameters are smaller at the injection pressure of 20 MPa due to better fuel atomization. As a result, it is expected that the penetration length should be less at the injection pressure of 20 MPa. Nevertheless, the results indicate that with increasing injection pressure the penetration length increases. This proves that increasing injection pressure is very effective in determining the penetration length and also dominates the other factors.
MODELING THE BASE PFI ENGINE
The EF7 MPFI CVVT engine with 1649 cc volume is studied at two operating condition (full and part loads).
For 3D simulation of combustion, the initial conditions of combustion chamber at the start of simulation (intake valve opening) are found via experimental observations in IPCO. Nevertheless, to find appropriate inlet-outlet boundary conditions, a comprehensive 1D engine model is developed using the GT-Power software. The calibrated instantaneous mass flow rate is used as boundary conditions for inlet port and the average static pressure is used as boundary condition at exhaust port. The 3D simulations are carried out using AVL Fire software from the intake valve opening (IVO) to the exhaust valve opening (EVO). This includes 549 degree of crank angle, about 90 degree of which both valves are open. The engine details, test parameters relevant to the operating conditions and exhaust gas analysis are presented in Tables 2, 3 Figure 5 shows the schematic of the one dimensional MPFI EF7 engine model. The gas is assumed to be ideal and the wiebe function (Eq. (5) (Ghojel, 2010) ) is used to represent the flame propagation.
One Dimensional Gas Dynamic Model
Where, m and a are calibration factors, and 0  is the crank angle corresponding to the start of combustion. In the present model, the calibrated values are found to be 1.53 for m, and 2.31 for a. The zeldovich mechanism for formation of NOx and woschni's equations for in-cylinder heat transfer are considered. In order to assure the correctness of the one dimensional model, the in-cylinder pressure profiles obtained from numerical simulation and experiment at full and part loads are illustrated in Fig. 6 . An assessment on the results will prove the correct calibration of the flow and in-cylinder parameters as the compression and combustion processes are well reconstructed. In addition, the mass flow rate obtained from one dimensional model which is used as boundary condition at intake port for 3D model is depicted in Fig. 7 .
Three Dimensional CFD Modeling of PFI Engine
The computational grid of EF7 engine at IVO, along with the location of spark plug and injector for PFI and GDI conditions are illustrated in Fig. 8 . Extended coherent flame model with 3 zones containing air+EGR, fuel and mixing zones (ECFM3z hereafter) model is employed for combustion simulation. Simulating combustion in this framework is carried out under the light of employing a stretch factor to account for burning velocity and an initial flame surface density to bring ignition delay under consideration. The equilibrium reactions embedded with ECFM-3z model are brought in Eqs. (6a) to (6j) (Colin et al., 2004) . The in-cylinder flow is simulated using the continuity, momentum, energy, viscous heating and pressure work equations, k-zeta-f turbulence model and metghalchi and keck correlation for laminar flame speed Simple/Piso algorithm is utilized for pressure-velocity coupling. The convergence limits for all key parameters are 1e-06.
SIMULATION RESULTS FOR BASE PFI ENGINE
Grid Study
Three different grids are created for mesh study (Table 5 ). Figure 9 illustrates the comparison of incylinder pressure for different sizes of grid cells at full load condition. An assessment of the results indicates an almost negligible discrepancy between the results obtained from the first two cases, i.e., 800,000 and 1,300,000 grids. In spite of this, utilizing 800,000 meshes will cause oscillation in the value of residuals in some time steps. Therefore, the case with 1,300,000 grids is used. 
Results Validation
The numerical simulation results and experimental findings for pressure and heat release rate in full and part load conditions are depicted in Fig. 10 which is in very good consistency. The deviation between the pressures during the compression stroke does not exceed 3%, which proves the acceptable accuracy also in prediction of the amount of mass trapped.
In addition, the simulation results for velocity magnitude in a plane through the valves during exhaust and intake are depicted in Fig. 11 . The propagation of flame front at full load condition is illustrated in Fig. 12 .
Injector ( 
GDI ENGINE SIMULATION RESULTS
In the presented results, it is aimed to investigate the effects of the following parameters on the engine performance characteristics: 1) Injector angle;
2) The first and second fuel injection timings;
3) Injection pressure; 4) Ignition timing; 5) Split injection strategy.
Effect of Injector Angle
It seems pivotal to determine the injector angle and orientation of fuel spray jets. This orientation of the jet is characterized by two angles, i.e., α and β, as illustrated in Fig. 13 . The effects of changing these angles on the indicated mean effective pressure is brought in Fig. 14.
The fuel injection is set to be started at 450° CA under the pressure of 6 MPa and end at 475° CA. According to Fig. 14 , it could be indicated that α = 40 is an appropriate angle for corresponding to the maximum output power. In order to determine the optimum β, the fuel is considered to be injected at angles 0, 10, 20 and 30 relative to the cylinder axis with constant α = 40. The results show that β = 10 is the best injector angle in x-z plane. The simulations are then repeated for β = 8.5 and β = 11.5. Based on the results, β = 10 still ends in the optimum engine performance relative to its adjacent angles. The impact of injector angle on the performance of the engine can be justified by exploring the effect of injector angles, α and β, on distribution of fuel-air equivalence ratio (φ) in the cylinder. Therefore, the contours for φ at the time of ignition versus different α and β are depicted in 2 different perpendicular vertical planes in Figs. 15 and 16, respectively. It could be indicated from the results that the most homogeneous distribution of φ is yielded for α = 40 and β = 10.
Effect of Timing for the Case of Single Injection
In the next step, the influence of SOI on the burning characteristics is brought under study. To accomplish this, the numerical simulations are carried out for three injection pressures of 6, 10 and 20 MPa with SOI changing from 430° CA to 530° CA. Also, when using single injection strategy, long delay in fuel injection prevents the formation of suitable mixture at ignition timing. Figure 17 shows the effect of SOI as well as injection pressure on indicated mean effective pressure and mean reaction progress variable. According to the simulation results, SOI 450° CA in all three injection pressures causes the maximum output power in single injection conditions. Fig. 16 . Equivalence ratio in planes going through the spark plug at ignition timing for different angles of β. Figure 18 shows the in-cylinder pressure profile at different injection pressures. In addition, the φ in planes going through the spark plug at the ignition timing is illustrated in the same figure. From Fig. 18 it could be indicated that the injection pressure of 10 MPa ends in the most uniform distribution of φ along with the highest amount of IMEP.
Effect of Injection Pressure on Combustion Performance
The effects of injection pressure on the performance of GDI engines are two-fold. When the injection pressure is lowered, despite weak atomization and evaporation of the fuel jet, a longer mixing time will be provided for fuel and air streams. This makes injection pressure have key influences when injection is delayed, which is addressed by many researchers, e.g., . On the other hand, for case of early injection, as could be indicated from Fig. 18 , injection pressure does not have a significant impact on output power in GDI engines. Additionally, the flame front propagation in GDI engine with injection pressure of 10 MPa is depicted in Fig. 19 . 
The Effect of Ignition Timing on Combustion Performance
In GDI engines, due to more air entrance into the combustion chamber resulting in higher air-fuel equivalence ratio (λ = 1.04 in this research) and lower temperature, the output power can be increased by spark advance, which may lead to knocking because of the possibility of auto-ignition of unburned mixture. This proves the significance of determination of ignition timing. For this purpose, the empirical knock model, which is based on an empirical approach identifying the possibility of knock occurrence within specified regions depending on different parameters, is utilized. The most influential parameters on the knock probability are detected to be the amount of EGR, the temperature, the progress variable and the mixture mass fraction, respectively (Esfahanian et al., 2014) . Table 6 shows the ignition timings for four simulated cases. Spark advance more than 39.85° CA leads to auto-ignition which may end in heavy knock and damage. For comparison of output power of simulated cases, gross indicated mean effective pressure (gIMEP) is calculated from Eq. (7), where Vd is displacement volume, P and V are in-cylinder instantaneous pressure and volume, respectively. Table 7 shows the results of emissions and output power for four different ignition timing of GDI engine compared with the PFI mode. According to the results, the GDI engine performance surpasses the PFI engine in all simulated cases. In the cases of GDI 2 and GDI 3, nitrogen oxides (NOx) are reduced by 45.3% and 29%, CO is reduced 27.8% and 27.95%, CO2 is reduced 6% in spite of 4.32% and 4.82% increase in gIMEP, respectively.
Effect of Start of Second Injection
Two or multi-stage fuel injection causes better airfuel mixture formation in combustion chamber in direct injection engines. Under these conditions, for early primary or secondary injection, there is sufficient time for evaporation of fuel and a relatively homogeneous mixture is formed in the chamber. In late injection, rich mixture is usually formed around the spark plug.
In general, it is indicated that with increase in the engine load, the use of early injection is recommended to form a homogeneous mixture and achieve higher output power. In lower engine loads or idle conditions, late injection is used for formation of a rich mixture around the spark plug and lean mixture farther to reduce fuel consumption. The present research aims to explore the effect of start of second injection as well as split injection for part load condition. To this end, the injection pressure of 10 MPa, the start of first injection of 450° CA, the best condition for single injection according to presented results, are opted. 70% of fuel is sprayed in the first stage and the remaining (30%) is injected in the second stage. Figure 20 shows the in-cylinder pressure for different times of start of second injection.
The effects of start of second injection on fuel-air equivalence ratio near the spark plug and in planes passing through the spark plug at the time of ignition along with the NOx emission at exhaust valve opening are illustrated in Fig. 21 . According to Fig. 21 , in very late secondary injection (620° CA to 640° CA (red box)), the mixture with the φ above 1.6 is formed around the spark plug. The simulation results show that for the two-stage injection, relatively homogeneous lean mixture (green box) results in better combustion characteristics at part load condition compared to the stratified mixture (red and orange boxes). Also, in 580° CA to 620° CA (orange rectangle), the air-fuel mixture is rich near the exhaust valves that may lead to knocking. Therefore, according to the simulation results when the start of second injection is 500° CA more complete combustion is performed due to the formation of homogeneous mixture with equivalence ratio 1.15 around the spark plug. 
Effect of Split Injection
To suppress the negative impacts of increase in turbulent kinetic energy on mixture flammability and combustion stability, the strategy of split injection is employed in GDI engines, i.e., the fuel is injected in two different stages.
In this paper, split injection strategy is utilized to show the significant role of injected fuel mass ratios on engine performance and emissions. Since the injected fuel mass ratio has great influence on φ near the spark plug in double injection, the effects of split injection on the equivalence ratio especially near the spark plug at the ignition timing, in-cylinder pressure and the amount of nitrogen oxides are studied. To accomplish this, the first and second injections are done at angles of 450° CA and 500° CA, respectively. The mass ratio of primary to secondary injection has been changed from 0%-100% to 100%-0% (the first percentage represents the ratio of first stage of injection at 450° CA and the second percentage indicates the ratio of second stage of injection at 500° CA). Figure 22 shows the effect of split injection on (a) the fuel-air equivalence ratio near the spark plug at the time of ignition and NOx emission at exhaust valve opening, (b) λ and (c) φ in planes going through the spark plug. Figure 23 shows the effect of split injection on in-cylinder pressure for investigated cases.
According to the results of Fig. 22 , in ratios of 80%-20% and 90%-10% more homogeneous air-fuel mixture is formed, while in the ratio of 10%-90% and 20%-80%, one side of the chamber is much leaner than the other side. According to Fig. 23 , the ratios of 80%-20% can produce more power than other ratios, but this increase is very small compared to single injection with more nitrogen oxides formed. Table 8 shows the performance and emissions of EF7 engine in PFI and GDI with single or double injection in studied cases.
According to the results presented in Table 8 , as the amount of the fuel injected at the second stage increases, more complete combustion is yielded causing higher indicated mean effective pressure and higher rate of conversion of fuel to carbon dioxide, ending in lower carbon monoxide. Moreover, higher temperature in the reaction zone causes more NOx to be present in cylinder emissions.
In addition, the effect of split injection on tumble ratio is assessed for various conditions. According to Fig. 24 , the tumble ratio in ratios of 80%-20% and 90%-10% is higher than the case of single injection (100% at 450° CA). This results in better mixing of air-fuel mixture and increasing the output power of the engine, considering the expected shorter time required for formation of flame kernel. Figure 25 shows the mean reaction progress variable for the cases brought in Fig. 24 . As it can be seen in Fig. 25 , the rate of fuel burning in the start of combustion in the ratios of 50%-50% to 90%-10% is more than single injection because the fuel-air equivalence ratio around the spark is higher than unity (according to Fig. 22(a) ). Finally, in the ratios of 80%-20% and 90%-10% more complete combustion is occurred due to the relatively homogeneous lean mixture. 
CONCLUSIONS
The present research aims to study the effects of spark and injection characteristics as well as split injection on the performance and emissions of a spray guided gasoline direct injection (SG-GDI) engine and to compare it with port fuel injection engine. To accomplish this, a high pressure spray with six asymmetric jets is simulated in a constant volume chamber containing nitrogen gas in three different injection pressures. The results are validated against the experimental observations reported by istituto motori-CNR. To simulate the combustion, the four stroke EF7 engine with 1649 cc is simulated at full and part load conditions using 1D (gas dynamics) and 3D (an open-cycle model) approaches. These models outcomes are verified against in-cylinder pressure profile and normalized heat release rate. The model is then embedded with the injector models to yield the final GDI engine model. The model is then employed to study the effects of injector angle, start of injection, ignition timing as well as split injection on the performance of engine toward high efficiency and emissions reductions. In the following, the most significant results are mentioned.
 The droplets sizes, injection pressure and fluid resistance (drag force) have essential roles in determining the spray penetration length simultaneously. The results prove that at higher injection pressure, the droplets diameter is smaller compared to the low injection pressure due to the better fuel atomization. Reduction in the droplets sizes lowers the penetration length. Also, the drag forces increase monotonically by increasing the injection pressure. Therefore, it is expected that the penetration length is lower at high injection pressure. The results show that with increasing injection pressure, the spray penetration length increases. This properly shows that injection pressure is very effective in determining the penetration length and dominates the other factors.
 The simulated results of single injection cases showed that the injector angle is extremely effective on the mixture formation and output power. In this study, the angles of α = 40 and β = 10 (according to the Fig. 13 ) are found to be appropriate angles for developing homogeneous mixture and maximizing the output power.  The results indicate that for the engine operating conditions opted for the present study, in which the injection is accomplished during the intake stroke, the injection pressure is not very effective on the results. This result is consistent with outcomes of other researches , in which the injection pressure was found to be influential in case of late injection.
 The results prove the optimum time for start of single injection to be 450° CA in all three injection pressure. At this time, a relatively homogeneous mixture, relatively rich around the spark plug ( φ ) and slightly lean in farther areas, is formed. At injection pressure of 10 MPa, the GDI 2 and GDI 3 cases (according to the values in Table 8 and based on different ignition timings) nitrogen oxides (NOx) are reduced by 45.3% and 29%, CO is reduced by 27.8% and 27.95%, CO2 is reduced by 6% and gIMEP is increased by 4.32% and 4.82%, respectively. According to these results, all GDI simulated cases have better performance compared to PFI engine.
 When using double injection strategy, a long delay in secondary injection (injection in compression stroke) causes forming a rich mixture around the spark plug. Meanwhile based on the results, the flammability of relatively homogeneous lean mixture with the fuel to air equivalence ratio of 1.15 around the spark plug is more compared to the stratified mixture. Also, using the split injection, the mixture equivalence ratio is more controllable at the time of ignition. In the split injection with ratios of 80%-20% and 90%-10%, nitrogen oxides (NOx) are reduced by 31% and 38%, CO is reduced by 19% and 28%, CO2 is reduced by 6.4% and gIMEP is increased by 5.24% and 4.53% comparing to PFI engine, respectively. Therefore, despite more reduction of pollutants when using single injection strategy, double injection results in more increase of output power. In addition, the volumetric efficiency is 4.5% higher than the PFI engine.
